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To develop a quantitative relation between the overall 
severity of acute ischemia and left ventricular global and 
regional function, two minor axis internal diameters and 
myocardial wall thickness were determined using ultra-
sonic crystals in 10 open chest dogs with carotid-left 
anterior descending artery cannulation. The overall ex-
tent of ischemia produced by graded stenosis of the can-
nulation system was estimated by total myocardial blood 
flow deficit, calculated using radioactive microspheres 
and a balloon-reservoir perfusion technique permitting 
precise separation of ischemic from nonischemic tissue. 
Although cardiac output and left ventricular stroke work 
were maintained through chamber enlargement until to-
tal myocardial blood flow deficit was about 10%, ejection 
Myocardial ischemia results in regional myocardial dys-
function that is related quantitatively to the level of reduction 
in regional myocardial blood flow (1-4). Regional dys-
function of the left ventricle results in impaired global left 
ventricular hemodynamics (5-7). A quantitative relation be-
tween the overall extent of ischemia and global function of 
the left ventricle in terms of its hemodynamics and global 
contractile function has not been described previously be-
cause of the difficulty in determining the global extent and 
severity of ischemia and in defining global function. More-
over, the relation between left ventricular regional and global 
function during acute ischemia has not been described. In 
addition to regional myocardial contraction, left ventricular 
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indexes of left ventricular function decreased progr~s­
sively with increasing ischemia and correlated inversely 
with total myocardial blood flow deficit (r = - 0.55 to 
- 0.73). Ejection indexes of left ventricular global func-
tion correlated directly with regional function in the isch-
emic zone (r = 0,67 to 0.83), although global function 
decreased at a far slower rate tha~ regional contraction 
during progressive coronary stenosis with an ischemic 
region comprising about 25 % of total left ventricular 
weight. During myocardial ischemia, regional dysfunc-
tion resulted in progre!isive global contractile dysfunc-
tion; left ventricular hemodynamic status was main-
tained until ischemia was severe. 
(J Am Coli CardioI1985;6:J04-12) 
geometry, chamber size and loading conditions may affect 
global left ventricular function in the :;etting of acute isch-
emia. This study was designed to characterize the relations 
between regional and global left ventricular contractile func-
tion, left ventricular hemodynamics and the overall extent 
of ischemia including evaluation of the size of the ischemic 
zone and regional severity of ischemia. 
Methods 
Experimental preparation. Ten mongrel dogs weigh-
ing 22 to 30 kg were anesthetized with pentobarbital (25 
mg/kg body weight) and ventilated with a Harvard respi-
rator. Blood gases were monitored intermittently. Stiff cath-
eters (internal diameter 2 mm) were placed in the left fem-
oral artery for blood withdrawal and in the distal aorta through 
the right femoral artery for pressure monitoring. A thora-
cotomy was performed in the fifth left intercostal space, and 
the heart was suspended in a pericardial cradle. The left 
anterior descending coronary artery was dissected below its 
first diagonal branch. A sidehole catheter (7F) was inserted 
into the left atrial appendage for injection of radioactive 
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microspheres. A 16 mm probe (Biotronex BL-5160) was 
placed around the ascending aorta for measurement of car-
diac output using an electromagnetic flowmeter (Biotronex 
BL-61O). A microtransducer (Millar Instruments) was placed 
in the left ventricle through the apex for measurement of 
left ventricular pressure and rate of rise in pressure (dP/dt). 
Left ventricular thickness and dimensions. Ultrasonic 
crystals were used to measure left ventricular wall thickness 
in the ischemic and nonischemic zones (8). Two pairs of 
ultrasonic crystals were inserted through a small stab inci-
sion at the apex to continuously measure left ventricular 
minor axis internal diameters as follows (9): a silk suture 
attached to a long needle was passed into the left ventricular 
anterior wall, through the chamber and out the posterior 
wall (Fig. lA). A knitting needle was passed through the 
incision at the left ventricular apex, engaging the suture in 
the cavity (Fig. lB) and pulling it out through the incision. 
The suture was then cut and each end was tied to the wire 
portion of an ultrasonic crystal (5 mm diameter disc) (Fig. 
IC). The end of each suture was pulled through the left 
ventricular wall until the crystal was positioned against the 
endocardium. Thus, a pair of crystals was positioned on the 
anterior and posterior endocardium (Fig. JD). A pair of 
crystals was similarly positioned on the septal and lateral 
endocardial surfaces, permitting the perpendicular and an-
terior-posterior (Oap) and septal-lateral (Osl) minor axis in-
Figure 1. Method for inserting minor axis internal diameter crys-
tals into the left ventricular cavity. A shows a long-axis cross 
section of the left ventricle with the needle and suture pulled 
through the anterior and posterior walls. B shows a knitting needle 
entering the left ventricular cavity through an incision at the apex 
and engaging the suture. C shows the ends of the crystal wires 
fastened to the cut ends of the suture. D shows the result, a pair 
of endocardial crystals facing each other along the minor axis. 
A B 
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ternal diameters to be measured. Crystal motion was mon-
itored with an, electronic sonomicrometer (model 401, 
Schuessler and Associates). Crystal and hemodynamic data 
were recorded on an Electronics for Medicine VR 16 recorder. 
Coronary artery cannulation. After heparinization, the 
left anterior descending coronary artery was ligated below 
the first diagonal branch, a 14 gauge blunt-tipped metal 
cannula was inserted distal to the occlusion and perfusion 
was maintained through a polyvinyl catheter bypass system 
with arterial blood from the left common carotid artery (4). 
This procedure interrupts perfusion for approximately 1 
minute. A 2 mm cannulating type flow probe (Biotronex 
BLC-2024) was included in the left anterior descending 
coronary artery bypass system, and flow was monitored with 
an electromagnetic flowmeter (Biotronex BL-61O). Perfu-
sion pressure was measured through a side arm in the bypass 
system, using a Statham P230b pressure transducer. This 
cannulation system allows stable partial coronary occlusion 
and flow for more than 30 minutes (4). Therefore, graded 
reduction of coronary flow could only be made in this acute 
preparation using anesthetized dogs. 
The balloon-reservoir system de~eloped by Hirzel et al. 
(10, II) and recently modified in our laboratory (12) was 
used to determine the mass of myocardium subserved by 
the cannulated left anterior desceryding coronary artery. U s-
ing this method, while myocardium other than the cannu-
lated coronary artery perfusion bed was labeled with radio-
active microspheres, the cannulated coronary artery bed was 
perfused with blood containing no microspheres at the same 
pressure as the rest of the myocardium. The jeopar-
dized myocardium was thus' 'negatively labeled. " Carbon-
ized 15 /Lm radioactive microspheres were used to measure 
myocardial blood flow (4,12). 
Experimental protocol. After cannulation, a first set of 
microspheres was injected into the left atrium during bal-
loon-reservoir perfusion of the left anterior descending coro-
nary artery. Microspheres were given during three progres-
sively increasing grades of coronary stenosis, each lasting 
5 minutes. Stenosis was produced by partially occluding the 
cannulation tubing with a screw clamp while monitoring 
perfusion pressure (4). Minimal diastolic perfusion pressure 
was adjusted to 40 mm Hg during the first grade of occlusion 
(moderate stenosis) and 25 mm Hg during the second grade 
(severe stenosis), followed by total occlusion. 
Tissue preparation. The heart was frozen for 24 to 72 
hours and then sectioned into five or six 1 em thick rings. 
After each ring was weighed, three sections of the myo-
cardium were taken from the remote nonischemic zone (nor-
mal zone). All potentially ischemic tissue was cut into trans-
mural wedges, and each wedge was divided into 
subendocardial, midmyocardial and subepicardial thirds. 
Therefore, more than 80 samples were obtained from each 
dog heart. Myocardial blood flow was determined in each 
sample by standard techniques (4, 13). 
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Data Analysis 
Estimation of ischemia. The overall degree of left ven-
tricular ischemia was estimated in two ways: first, the bal-
loon-reservoir perfusion system negatively labeled the myo-
cardium at risk of ischemia. For each myocardial tissue 
sample in the region. that would become ischemic, the frac-
tion of ischemic zone tissue (FlZT) was obtained by the 
following equation: 
FIZT = 1 
MBFs ---
MBF' 
n 
where MBFs and MBFn are myocardial blood flow measured 
in a tissue sample and the normal zone, respectively, during 
baUoon-reservoir perfusion. The weight (Wi) of tissue at risk 
for ischemia in each tissue sample was: 
Wi = PIZT x w" 
where Ws is each sample weight. Total weight of tissue at 
risk for ischemia was obtained from the sum of Wi for all 
tissue samples perfused by the artery, and was expressed 
as a fraction of left ventricular weight (WI): 
N 
L (WJk 
W k_~_I __ 
I W
LV 
' 
where WLV is total left ventricular weight and N is the 
number of samples, denoted k. 
Second, for each level of coronary stenosis, the severity 
of ischemia was expressed in terms of myocardial blood 
flow deficit (MFD). Assuming that myocardial blood flow 
is distributed uniformly or nearly so in the ischemic zone 
(11,12,14,15), the myocardial blood flow deficit in ischemic 
tissue at each level of reduced coronary perfusion pressure 
is defined as: 
MFD(%) = MBFn - MBFs x 100. 
MBFn 
The mean myocardial blood flow deficit in the most uni-
formly ischemic tissue samples in the ischemic zone (ar-
bitrarily defined as samples containing a fraction of isch-
emic zone tissue 2: 0.95) was calculated and assumed to 
indicate the regional severity of ischemia. An index of the 
overall severity of left ventricular ischemia at each level of 
stenO!~is was derived by computing total myocardial blood 
flow deficit (TMFD) using the following equation: 
TMFD(%) = MFD(%) x WI. 
Because it expresses both the severity and extent of isch-
emia, ~otal myocardial blood flow deficit is a measure of 
the overall degree of left ventricular ischemia. 
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Measurements of global and regional function. Left 
ventricular stroke work (g/m per beat) was computed by the 
following equation (16): 
VSW = (MAP - L VEDP) x CO a 36 L HR x .01 , 
where MAP is mean aortic pressure (mm Hg), LVEDP is 
left ventricular end-diastolic pressure (mm Hg), CO is car-
diac output (liters/min) obtained from aortic flow, HR is 
heart rate (beats/min) and 0.0136 is the converting coeffi-
cient. End-diastolic length was determined for global (left 
ventricular diameter) and regional (myocardial wall thick-
ness) ultrasonic crystal pairs by standard techniques (8). 
Regional systolic thickening (%Th) was defined as a change 
in thickness during systole and was expressed as a percent 
of end-diastolic thickness. Diameter systolic shortening was 
defined as a change in diameter during systole and was 
expressed as a percent of end-diastolic diameter. Since an-
terior-posterior (Dap) and septal-lateral internal diameters 
(Dsl) were perpendicular to each other at the same level, the 
cross-sectional area was computed using the equation for 
an ellipse: 
Area = ~7T Dap Dsi . 
In addition, ejection fraction of the cross-sectional area (area 
EF) was computed as follows: 
EDA - ESA 
Area EF = x 100 (%), 
EDA 
where EDA is end-diastolic area and ESA is end-systolic 
area. On the basis of the concept of the end-systolic pres-
sure-volume relation (17), the ratio of end-systolic pressure 
to end-systolic area was computed. During ischemia, all 
functional indexes were expressed as a percent of control 
value. 
Statistics. Differences in functional effects of varying 
degrees of ischemia and sizes of the ischemic zone were 
analyzed for significance by a two-way analysis of variance, 
randomized block design. Linear regression analysis was 
used to define relations among continuous variables. 
Results 
Size of ischemic region. Mean left ventricular weight 
was 122.4 ± 13.7 g (mean ± SO). The weight of myo-
cardium perfused by the cannulated left anterior descending 
coronary artery (tissue at risk for ischemia) was 25.4 ± 
3.6% of left ventricular weight (31.2 ± 5.9 g). In each 
dog, the transverse left ventricular ring containing both pairs 
JACC Vol. 6. No. I 
July 1985: 104-12 
Table 1. Hemodynamic Data in 10 Dogs 
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Control Moderate Severe Total 
State Stenosis Stenosis Occlusion 
LAD pressure 
Systolic 113.7 ::':: 11.8 86.4 ::':: 9.5t 59.7 ::':: 10.7*t 36.2 ::':: 7.9*t 
Diastolic 68.2 ::':: 15.7 41.0 ::':: 3.3t 25.9 ± 3.5*t 16.4 ::':: 6.6*t 
LAD flow (ml/min) 52.2 ::':: 17.3 33.7 ::':: 16.3t 15.7 ::':: 11.8*t O*t 
Heart rate (beats/min) 134.4 ::':: 19.2 131.5 ::':: 20.9 131.3 ::':: 22.6 129.4 ::':: 23.1 
Aortic pressure 
Systolic 116.7 ::':: 15.4 109.9 ::':: 13.8 106.0 ::':: 15. It 102.1 ::':: 15.8t 
Diastolic 73.6 ::':: 15.0 70.1 ::':: 13.6 66.3 ::':: 15.3 64.5 ::':: 14.9t 
Mean 87.9 ::':: 13.9 83.4 ::':: 12.6 79.5 ::':: 14.5t 77.0 ::':: 14.5t 
LV Pressure 
Systolic 119.4 ± 10.6 114.6 ::':: 10.1 109.2 ::':: 12. It 104.6 ::':: 10.3t 
End-diastolic 5.8 ::':: 2.2 6.8 ::':: 3.0 8.2 ::':: 4.1 *t 10.1 ::':: 4.0*t 
Unless stated otherwise, units are mm Hg. *p < 0.05 compared with value to left; tp < 0.05 compared 
with control state. LAD = left anterior descending coronary artery; LV = left ventricular. 
of diameter crystals was the third or fourth ring from the 
apex, and the ischemic myocardium averaged 37.7 ± 9.2% 
of the ring weight. 
Hemodynamic and sonomicrometric data. The de-
creased perfusion pressure produced by progressive left an-
terior descending coronary artery stenosis resulted in de-
creased left anterior descending coronary artery blood flow, 
measured with the electromagnetic flow probe (Table I). 
Heart rate was unchanged throughout the experiment. Sys-
tolic and diastolic left anterior descending coronary artery 
perfusion pressure was not significantly different from aortic 
pressure during the control period. Aortic pressure de-
creased during severe stenosis and total occlusion. Left ven-
tricular end-diastolic pressure increased as the coronary per-
fusion pressure decreased. 
Representative sonomicrometric recordings during the 
control period, moderate and severe stenosis and total oc-
clusion are shown in Figure 2. Both ischemic and normal 
zones showed systolic thickening during the control state. 
As the stenosis increased, systolic thickening in the ischemic 
zone diminished and was replaced by systolic thinning at 
total occlusion. The normal zone showed increased end-
diastolic thickness and unchanged end-systolic thickness 
during ischemia. The anterior-posterior and septal-lateral 
internal diameters (Dap and Dsl) showed similar end-diastolic 
and end-systolic lengths during the control state. With in-
creasing ischemia, both diameters increased throughout the 
cardiac cycle with no change in the pattern of systolic short-
ening. Early diastolic diameter shortening appeared as isch-
emia became severe. 
Control Moderate Severe Total occlusion 
stenosis 
ECG ~.......}\ __ _ 
Thickness (mm) 14 [ 
ischemic 11 
Thickness (mm) 14 [ 
normal 11 
35 
35 
(mm) 
(mm) 
25 
25 
LVdP/dt +2000 I 
(mmHg/sec) -2~ [ 
LVP 100 [ 
(mmHg) 0 
stenosis 
--f\ - -"---------"-
Figure 2. Representative sonomicro-
metric and hemodynamic recordings. 
Progressive left anterior descending coro-
nary artery stenosis changed the contrac-
tion of the ischemic zone (top panel) and 
systolic shortening of both diameters 
(middle panel). In this example, the an-
terior-posterior minor axis diameter (Dap) 
was affected to a greater extent than the 
septal-lateral diameter (Dsl )' Left ventric-
ular pressure (L VP) and the rate of rise 
of pressure (dP/dt) are displayed in the 
bottom panel to clarify the phase of the 
cardiac cycle. Ischemic and nonischemic 
myocardial thickness tracings are dis-
played below the electrocardiogram. See 
text for further explanation. 
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Table 2. Myocardial Blood Flow in 10 Dogs 
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Balloon Moderate Severe Total 
Perfusion Stenosis Stenosis Occlusion 
Normal tissue 
Transmural blood flow 1.67 ± 0.47 1.61 ± 0.50 1.75 ± 0.37 1.82 ± 0.41 
(mllmin per g) 
Endo/epi 1.11 ± 0.25 1.05 :±: 0.12 1.05 ± 0.13 1.00 ± 0.12 
Ischemic tissue 
Transmural blood flow 1.10 :±: 0.43t 0.48 ± 0.32*t 0.10 ± 0.05*t 
(mllmin per g) 
Endo/epi 0.53 ± 0.09t 0.37 ± O.IO*t 0.28 ± 0.13*t 
MFD(%) 0 34.2 :±: IS.1t 69.0 :±: 20.7*t 94.0 ± 2.6*t 
*p < 0.02 compared with value to left. tp < 0.01 compared with normal tissue. Baseline measurement 
of myocardial blood flow in the ischemic tissue was precluded by balloon perfusion. Endo/epi = subendo-
cardiallsubepicardial blood flow ratio. MFD = myocardial blood flow deficit. 
Myocardial blood flow and extent of ischemia (Table 
2). In the nonnal zone, transmural myocardial blood flow 
increased slightly but insignificantly during progressive 
ischemia; in the ischemic zone, it decreased progressively 
(p < 0.001) with increasing stenosis. Thus, regional severity 
of myocardial ischemia increased progressively (p < 0.001). 
Total myocardial blood flow deficit increased progressively 
(p < 0.001) to 23.9 ± 3.6% of total expected blood flow. 
Myocardial function during graded stenosis. Regional 
wall thickening. In the control state, end-diastolic thick-
ness in the ischemic and the nonnal zone was 9.6 ± 1.9 
and 9.8 ± 1.8 mm, respectively, and regional wall thick-
ening was 17.4 ± 7.6 and 18.3 ± 8.0%, respectively. In 
one dog, regional function in the ischemic zone could not 
be measured. Figure 3 presents nonnalized regional and 
global function data obtained during progressive left anterior 
descending coronary artery stenosis. Regional wall thick-
ening in the ischemic zone decreased as the stenosis became 
severe. Ischemic zone wall thickening decreased by 42% 
(p < 0.002) with moderate stenosis, was abolished (p < 
0.001) with severe stenosis and was replaced by systolic 
thinning with total occlusion (p < 0.001). In the nonnal 
zone, regional wall thickening increased by 12% with total 
occlusion (p < 0.05). End-diastolic thickness decreased in 
both zones with total occlusion (14% decrease in the isch-
emic zone, p < 0.001 and 4% decrease in the nonnal zone, 
p < 0.01). 
Regional and global end-diastolic dimensions and 
area. Systolic shortening of anterior-posterior and septal-
lateral internal diameters were 20.4 ± 9.2 and 21.0 ± 
9.2%, respectively, and ejection fraction of the cross-sec-
tional area was 36.5 ± 12.9% during the control state. End-
diastolic anterior-posterior and septal-lateral internal di-
ameters in the control state were 30.8 ± 5.0 and 31. 1 ± 
4.4 mm, respectively. End-diastolic cross-sectional area was 
7.7 ± 2.2 cm2 • With moderate stenosis, ejection fraction 
of the cross-sectional area decreased by 5% (p < 0.05) 
and the end-systolic pressure/area ratio decreased by 10% 
(p < 0.05); diameter systolic shortening of anterior-poste-
rior and septal-lateral internal diameters were not signifi-
cantly less than in the control state (Fig. 3). Severe stenosis 
significantly reduced diameter systolic shortening of ante-
rior-posterior internal diameter (by 16%, P < 0.01) and 
septal-lateral internal diameter (by 10%, P < 0.02), and 
further reduced ejection fraction of the cross-sectional area 
(by 12%, P < 0.01) and end-systolic pressure/area ratio (by 
Figure 3. Normalized changes in regional function in normal and 
ischemic zones and in several indexes of global function during 
graded stenosis. Regional wall thickening (%Th) in the ischemic 
zone decreased earlier and to a greater extent than any index of 
global function. Regional wall thickening in the normal zone in-
creased slightly (p < 0.05) with increasing stenosis. Systolic short-
ening (%SS) of the anterior-posterior diameter (Dap) tended to be 
affected more than that of the septal-lateral diameter (0,1), but not 
significantly. Area ejection fraction (EF) and end-systolic pres-
sure/area (P/Area) ratio decreased at moderate stenosis (p < 0.05). 
140 
120 
~)--__ ....,% Th normal 
100 
;II. 
!II 80 %SS-Osl Q) 
.~ AreaEF 
" %SS-Dap .S
-a; 60 P/Area c 
'g 
c 
,a 40 
~ 
~ 20 E 
0 z 
o 
-20 
% Th ischemic -40 L----I... ___ '---__ -'-__ ---' 
Control Moderate Severe Total 
stenosis stenosis occlusion 
JACC Vol. 6. No. I 
July 1985: 104-12 
AKAISHI ET AL. 109 
GLOBAL AND REGIONAL FUNCTION DURING ISCHEMIA 
Table 3. Left Ventricular Hemodynamic Data in 10 Dogs 
Control Moderate Severe, Total 
State Stenosis Stenosis Occlusion 
TMFD(%) 0 8.7 ± 4.0t 17.2 ± 4.9*t 23.9 ± 3.6*t 
Cardiac output 3.2 ± 0.9 3.2 ± 0,8 3.0 ± 0.9 2.9 ± 0.7 
(liters/min) 
LV SW 25.9 ± 6.2 25.1 ± 5.9 22.2 ± 6.5*t 20.4 ± 4.4t 
(g/m per beat) 
LV dP/dt 2.525 ± 984 2,340 ± 1,089 2,100 ± not 2,050 ± 875t 
(mm Hg/s) 
*p < 0.05 compared with value to left; tp < 0.05 compared with control value. dP/dt = rate of rise of 
pressure; LV = left ventricular; SW = stroke work; TMFD = total myocardial blood flow deficit. 
26%, P < 0.01). Total occlusion produced further decreases 
in global function. Anterior-posterior internal diameter was 
affected slightly but insignificantly more than septal-lateral 
internal diameter. End-diastolic left ventricular diameters 
and cross-sectional area increased progressively from the 
control state to total left anterior descending coronary artery 
occlusion: anterior-posterior internal diameter increased 17% 
(p < 0.001), septal-lateral internal diameter increased 14% 
(p < 0.005) and area increased 35% (p < 0.001). 
Table 3 presents left ventricular hemodynamic data. Car-
diac output did not decrease significantly during progressive 
ischemia. Left ventricular stroke work and rate of rise of 
left ventricular pressure (dP/dt) remained unchanged during 
moderate stenosis, but decreased during severe stenosis 
(p < 0.02). 
Regional and global fqnction versus ischemia. Figure 
4 shows the relation between the regional severity of isch-
emia (myocardial flow deficit) and regional function. Nor-
malized ischemic zone wall thickening correlated inversely 
with myocardial flow deficit (r = -0.89, P < 0.0001). 
Regional myocardial function diminished progressively as 
the severity of myocardial ischemia increased. 
Similar inverse linear relations were noted between the 
overall severity of ischemia (total myocardial blood flow 
deficit) and normalized diameter systolic shortening of an-
terior-posterior internal diameter (r = - 0.70, P < 0.000 I) 
(Fig. 5, upper panel), diameter systolic shortening of septal-
lateral internal diameter (r = -0.55, P = 0.0003) and 
ejection fraction of the cross-sectional area (r = - 0.73, P 
< 0.0001) (Fig. 5, lower panel). Little change in these 
indexes was observed until total myocardial blood flow def-
icit reached approximately 10%. Of interest, the equations 
presented in Figure 5 are similar to that in Figure 4; that 
is, normalized indexes of global left ventricular function 
correlated with total myocardial blood flow deficit with 
equations similar to that describing the relation between 
normalized regional function and myocardial flow deficit. 
Thus, global function relates to total myocardial blood flow 
deficit in a similar fashion to regional function and regional 
severity of ischemia. This suggests that if a sufficiently large 
myocardial region could be made ischemic, producing an 
accordingly large total myocardial blood flow deficit, then 
global left ventricular function might decrease to the same 
degree as regional function. 
There was no significant correlation between the slope 
of the decrease in ejection fraction of the cross-sectional 
area in each dog and the size of ischemic zone (r = 0.25, 
p = 0.48). In other words, the relation between total myo-
cardial blood flow deficit and ejection fraction of the cross-
sectional area is independent of ischemic zone size within 
the range of this study. 
Figure 4. Normalized percent systolic wall thickening in the isch-
emic zone versus myocardial blood flow deficit in the ischemic 
zone. As the regional myocardial flow deficit increased, percent 
systolic thickening decreased linearly (p < 0.0001). Negative val-
ues imply systolic thinning of myocardium. Lines connect mea-
surements obtained in the 10 individual experiments. 
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Figure 5. Upper panel, Normalized percent systolic shortening 
of the anterior-posterior diameter (Dap) correlated inversely with 
the total myocardial blood flow deficit (p < 0.0001). Lower panel, 
Normalized area ejection fraction (EF) correlated inversely with 
total myocardial blood flow deficit (p < 0.00(1). Since the area 
ejection fraction values were derived from the two measured minor 
axes, there is less scatter in the correlation. Little functional change 
occurred until the total myocardial blood flow deficit reached about 
10%. Lines connect data points from the 10 individual animals. 
Relation between global and regional function. 
Normalized ischemic zone wall thickening correlated di-
rectly with normalized diameter systolic shortening of an-
terior-posterior internal diameter (r = 0.76, P < 0.0001) 
(Fig. 6, upper panel), diameter systolic shortening of septal-
lateral internal diameter (r = 0.67, P < 0.0001) and ejection 
fraction of the cross-sectional area (r = 0.83, p < 0.0001) 
(Fig. 6, lower panel). Thus, regional functional impairment 
resulted in impairment of global ejection indexes. The rel-
atively flat regression lines indicate that global function was 
less affected than regional function in these experiments in 
which the mean size of the ischemic region was approxi-
mately 25% of left ventricular weight. 
Discussion 
This study reveals a significant relation between several 
indexes of global left ventricular contractile function and 
the overall extent of ischemia (Fig. 5). Despite this relation, 
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left ventricular hemodynamics were maintained until a total 
myocardial blood flow deficit of approximately 10% oc-
curred. Thus, this study demonstrates a clear quantitative 
difference between left ventricular contractile function and 
left ventricular hemodynamics during acute ischemia. The 
present regional function data confirm previous correlations 
(1-4) of regional function and regional myocardial blood 
flow. 
Extent of myocardial ischemia. The mass of myocar-
dium perfused by the cannulated left anterior descending 
coronary artery was determined by the balloon-reservoir 
perfusion technique. There have been several methods (17-22) 
to delineate the myocardial region at risk for ischemia after 
coronary occlusion. Because the border of ischemia is not 
a straight line (14), the delineation of region at risk using 
topologic and radiographic techniques is imprecise. 
Several recent studies (II, IS ,23) employing different an-
alytic techniques have confirmed that the boundary between 
ischemic and normal tissue, while not straight, is remarkably 
discrete. The transmural distribution of myocardial blood 
flow and myocardial blood flow in each layer from central 
Figure 6. Upper panel, Linear relation between normalized per-
cent systolic shortening of the anterior-posterior diameter (Dap) 
and percent systolic thickening in the ischemic zone (p < 0.00(1). 
Lower panel, Linear relation between normalized area ejection 
fraction (EF) and percent systolic thickening in the ischemic zone 
(p < 0.0001). Negative values indicate systolic thinning. Lines 
connect measurements made in the 10 individual animals. 
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ischemic to lateral border zone are almost identical if myo-
cardium is carefully separated into ischemic and normal 
zone tissue, as performed with the balloon-reservoir per-
fusion technique (4, 10, II ). Therefore, mean myocardial 
blood flow deficit in the most uniformly ischemic tissue 
samples in the ischemic zone was used as an index of the 
regional severity of ischemia and as a factor that was mul-
tiplied by the size of the ischemic zone (fraction of left 
ventricular weight) to obtain total myocardial blood flow 
deficit, an index of the overall severity of left ventricular 
ischemia. 
Global left ventricular function during ischemia. 
Global left ventricular function may be expressed in several 
ways. One expression is left ventticular hemodynamics, 
represented in this study by cardiac output and left ventric-
ular stroke work and end-diastolic pressure. Previous studies 
(S-7,24) have assessed left ventricular function only from 
the point of view of left ventricular hemodynamics. Levken 
et at. (S) demonstrated that a SO% decrease in myocardial 
oxygen supply was necessary to result in a significant de-
crease in left ventricular hemodynamics. Others have con-
firmed that left ventricular work is maintained during isch-
emia until coronary inflow has been critically reduced (6,2S). 
These investigators did not attempt to measure the extent 
of ischemia. Our data (Table 3) indicate that cardiac output 
was maintained even after total left anterior descending 
coronary artery occlusion. Left ventricular stroke work was 
unchanged during moderate stenosis, but decreased during 
severe stenosis (total myocardial blood flow deficit of 17%). 
Left ventricular hemodynamic function appears to have been 
maintained up to a total myocardial blood flow deficit of 
approximately 10% by a Frank-Starling mechanism involv-
ing dilation of the left ventricular chamber, so that less 
shortening was required to maintain stroke volume. This 
conclusion is supported by the observed increases in end-
diastolic diameters, area and pressure. 
Another expression of global left ventricular function is 
left ventricular contractile function. Our study uses several 
ejection phase indexes of left ventricular function in an effort 
to estimate contractility. Instantaneous dimensions and ge-
ometry of the left ventricular chamber are measured accu-
rately using sonomicrometry (26-28). Left ventricular mi-
nor axis diameter shortening has been shown to account for 
87% of left ventricular stroke volume (26), and left ven-
tricular major axis diameter shortening is unaffected by re-
gional myocardial ischemia (28). We measured two per-
pendicular minor axis diameters because regional ischemia 
might change left ventricular geometry. The results indi-
cated that there was no consistent change in left ventricular 
geometry; anterior-posterior internal diameter tended to be 
slightly more affected than septal-lateral internal diameter, 
but the difference was not statistically significant. That changes 
in geometry resulting from ischemia are inconsistent in this 
study and in a previous study (28) probably reflects heter-
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ogeneity in the shape of ischemic zone. The computed left 
ventricular area derived from both diameters may minimize 
the effects of varying geometry as a result of the hetero-
geneous shape of the ischemic zone. Although ejection frac-
tion of the cross-sectional area is limited because it is mea-
sured at a single plane (29), the measurement is precise and 
is linearly related to total myocardial blood flow deficit (Fig. 
S). Moreover, ejection fraction of the cross-sectional area 
was related to total myocardial blood flow deficit uniformly, 
regardless of the size of the ischemic region in the range of 
our study. It is, however, uncertain whether the uniformity 
of this relation could be extended to an extremely large or 
small ischemic region. 
The ratio of left ventricular end-systolic pressure to end-
systolic area decreased with progressive left anterior de-
scending coronary artery stenosis in parallel with the de-
creases in the other indexes of global left ventricular function 
(Fig. 3). The ratio of end-systolic pressure to volume has 
been shown to be an index of contractility that is largely 
independent of loading conditions, even in the ischemic 
ventricle (17,30). 
The relation between global and regional function is 
influenced by ischemic region size, normal zone function 
(31), possible tethering at the lateral borders (32), loading 
conditions (33) and compensatory mechanisms that attempt 
to maintain left ventricular hemodynamics. Despite these 
variables, there was a linear relation (r = 0.83) between 
ejection fraction of the cross-sectional area and regional wall 
thickening in the ischemic region. Only a S% decrease in 
ejection fraction of the cross-sectional area occurred when 
regional wall thickening had decreased by 42% in an isch-
emic region that averaged 2S% of left ventricular weight. 
Therefore, left ventricular global function decreased at a far 
slower rate than regional myocardial contraction during pro-
gressive coronary stenosis, even though the correlation be-
tween global and regional function was linear. It is likely 
that a larger ischemic region would result in a greater de-
crease in global function for any change in regional function 
during progressive coronary stenosis. This is implied by the 
similarity of the linear regression equations relating global 
function to global ischemia and regional function to regional 
ischemia. 
We acknowledge the technical assistance of Gretchen M. Lepich. Gioia 
V. Oi Loreto and Anne Marie Perrella. and the secretarial assistance of 
Kathy Tuppeny. 
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